Background-Free radicals are associated with post-ischaemic intestinal injury and contribute to major clinical problems primarily in premature infants. Various antioxidative means and modes of intervention, previously tested, have demonstrated only limited eYcacy. Aims-To study the protective activity of the stable nitroxide radical 4-OH, 2,2,6,6-tetramethylpiperidine-1-oxyl (TPL) and its respective hydroxylamine (TPL-H) against ischaemia/reperfusion (I/R) injury. Methods-An isolated loop of ileum was created in laboratory male Sabra rats and constantly perfused with warmed normal saline. Intestinal injury was elicited through clamping of the superior mesenteric rat artery followed by reperfusion. Either TPL or TPL-H was given intravenously immediately before ischaemia or reperfusion and continuously afterwards. The rate of mucosal to lumen clearance of para-aminohippurate (PAH) was used to evaluate intestinal mucosal injury. Serum and perfusate levels of both TPL and TPL-H were measured using electron paramagnetic resonance spectrometry. Results-The increase in intestinal permeability induced by I/R was significantly inhibited by both TPL and TPL-H. The nitroxide was eVective also when given immediately before reperfusion. Conclusion-Through a continuous exchange, TPL and TPL-H act as selfreplenishing antioxidants and thus protect from intestinal injury. This demonstrates the potential of the family of nitroxide antioxidants against oxidative stress in general and I/R injury in particular. (Gut 1998;42:623-627) 
Intestinal ischaemia, in both acute and chronic forms, is a major clinical problem in adults as well as in children and premature infants. [1] [2] [3] [4] [5] The ischaemic insult elicits damage, which is further exacerbated in the reperfusion period. 6 Studies of animal models of ischaemia/ reperfusion (I/R) have used histological 7 and enzymological grading. 8 Because mucosal permeability is one of the earliest physiological changes in intestinal I/R injury, 6 the flux of plasma or luminal clearances of water soluble molecules has proved to be the most meaningful marker for evaluating injury. [9] [10] [11] [12] Radical and non-radical reactive oxygen derived species (ROS) have been previously implicated in mediation of I/R damage in general and intestinal injury in particular. Hence, the enzyme activities of tissue superoxide dismutase (SOD), catalase, or glutathione (GSH) reductase, as well as cellular levels of endogenous antioxidants such as GSH in animal experimental models of necrotising enterocolitis (NEC), were investigated. 10 13 Previous studies particularly focused on the activity of xanthine oxidase, which gives rise to O 2 z-and H 2 O 2 , employing specific inhibitors to limit their formation. 10 12 14 15 Various low molecular weight antioxidants (LMWA) including vitamin E, the spin trap phenyl t-butyl nitrone, and antioxidative enzymes such as SOD and catalase have been previously tested in an attempt to provide protection from I/R injury. 12 None of these agents significantly attenuated the increase in mucosal permeability caused by occlusion of the superior mesenteric artery for 10 minutes in six week old rats, which suggests that I/R injury is not mediated by ROS. 12 Recently the use of stable nitroxide radicals, which constitute a unique and unusual class of antioxidants, has been proposed as a complementary strategy for modulating oxidative injury. Contrary to exogenously added SOD or catalase and several common antioxidants, nitroxides readily cross the blood-brain barrier and permeate the cell membrane. The biological eVect of nitroxides has been previously studied using diverse physical, chemical, biochemical, and cellular means of insult which initiate injurious processes mediated by ROS. The protective activity of nitroxides has been demonstrated against ethanol, 16 non-steroidal anti-inflammatory drugs, 16 gastric and colonic irritants such as trinitrobenzene sulphonate, 17 mechanical trauma, 18 and hyperbaric oxygen 19 in rat experimental models. Additionally, because nitroxides are unreactive toward most diamagnetic species, but rather selectively react with free radicals without forming secondary radicals, they can serve also as a powerful research tool for probing the roles played by deleterious radicals. By undergoing 1-electron transfer reactions, nitroxides are readily reduced in vivo to hydroxylamines or oxidised to oxo-ammonium cations. Consequently, all three forms can be present in the tissue as shown below for 4-OH-2,2,6,6-tetramethylpiperidine-N-oxyl (TPL). The non-radical species might also comproportionate to yield the more stable radical form and thus the nitroxide can self-replenish itself. Consequently, unlike antioxidants which act in a sacrificial mode, nitroxide can provide protection in a catalytic way.
The present study concentrated on the potential use of nitroxide and its respective hydroxylamine as antioxidants for the modulation of I/R intestinal injury.
Methods
All studies were performed using male Sabra rats weighing 180-220 g and randomly assigned to the various experimental groups. Experimental manipulations were performed in accordance with guidelines established by the Animal Welfare Committee (Hadassah University Hospital). Animals were housed in individual cages and given rat chow and water ad libitum. Food, but not water, was withdrawn 18 hours before study.
ANIMAL PREPARATION
The rats were anaesthetised with an intraperitoneal injection of 100 mg/kg body weight thiobarbital sodium salt (Inactin, Research Biomedical International, Natick, Massachusetts, USA). Following anaesthesia a tracheostomy was performed and the body temperature monitored by a rectal probe: when necessary, core temperature was maintained at 37°C by means of an infrared heating lamp. The right carotid artery was cannulated and systemic arterial pressure was measured with a Srarhman P23A pressure transducer (Gould, Oxnard, California, USA) connected to the carotid artery cannula. Systemic blood pressure and heart rate were continuously monitored with a physiological recorder (Gross Instruments Co, Quincy, Massachusetts, USA). The right femoral vein was also cannulated for indicator injection and for drug administration. The abdomen was opened through a midline incision and the renal vessels were ligated to prevent urinary excretion of para-aminohippurate (PAH; Sigma A1422). A 10 cm distal ileal loop was isolated, cannulated at both proximal and distal ends, and flushed with warm normal saline solution. The intestine and abdominal contents were subsequently covered with plastic wrap to prevent evaporative water loss.
EXPERIMENTAL PROTOCOL
The cannulated ileal segment was perfused with warm 0.9% NaCl solution at a rate of 1 ml/min until the eZuent appeared clear. Then PAH (58 mg/kg) was intravenously administered followed by an equilibration period of 50 minutes. After an initial control collection the superior mesenteric artery was clamped for 15 minutes during which perfusate was continuously collected. After release of the clamp five consecutive perfusate collections of five minutes each were made with blood samples drawn at the mid points.
EXPERIMENTAL GROUPS
Three experimental groups were compared with the control. In two groups either TPL or TPL-H in saline as vehicle was given in an intravenous bolus of 250 mg/kg immediately before ischaemia and at a continuous rate of 3.3 mg/kg/min throughout the ischaemia and reperfusion periods. In the third experimental group TPL was administered to the rat at the end of the ischaemic period and continuously during reperfusion. The control group consisted of rats which underwent the same experimental protocol but were given the vehicle alone at the same volume.
ELECTRON PARAMAGNETIC RESONANCE (EPR) MEASUREMENTS
To determine nitroxide concentration, blood and perfusate were sampled and kept frozen. Immediately after thawing the samples were drawn into a gas permeable, 0.8 mm inner diameter, Teflon capillary. The capillary was inserted into a quartz tube open at both sides and then placed within the EPR spectrometer cavity. The EPR spectra were recorded on a JEOL JES-RE3X ESR spectrometer working at X band with centre field set at 3362 G, 100 kHz modulation frequency, 1 G modulation amplitude, 0.4 mW incident microwave power. The concentration of TPL was calculated from the EPR signal intensity using nitroxide standard solution. To determine the total level of TPL and TPL-H, 1 mM K 3 Fe(CN) 6 was added to oxidise TPL-H to TPL and the EPR signal was measured again. For determination of PAH clearance, the method according to Brun 20 was adapted for small volumes. One ml of the perfusate liquid was added to 100 µl 10% TCA. Samples of 300 µl whole blood were mixed with 1200 µl 10% TCA for deproteinisation, cooled to 4°C for 20 minutes, centrifuged, separated, and the supernatant kept at -70°C. For spectrophotometric (Cobos Bio, Roche, Basel, Switzerland) PAH measurement at 465 nm, 100 µl of Ehrlich's reagent (1 g p-dimethylaminobenzaldehyde (Sigma D2004), 60 ml alcohol 93%, 4 ml 2N HCl, distilled water to a final total volume of 100 ml) was added to a 50 µl sample and 30 µl distilled water. Standards ranged from 0.1 to 1.0 mg%.
CALCULATION OF PAH CLEARANCE
The plasma to lumen clearance of PAH was calculated as follows:
where clearance is expressed in ml/min/kg.
ANALYSIS OF DATA
DiVerences within the groups were analysed using analysis of variance by ranks (MannWhitney test). The null hypothesis was rejected at p<0.05 using a two tailed test. Figure 1 displays the results obtained with the control group (n = 21, treated with saline alone) and three experimental groups (n = 11, treated with TPL; n = 12, treated with TPL-H; and n = 6, treated with TPL at the end of ischaemia), each undergoing an identical protocol of ischaemia and reperfusion. The mean (SE) PAH plasma to lumen clearance over eight periods under evaluation (one pre-ischaemia, two ischaemic periods, and five consecutive five minute periods of reperfusion) are depicted in fig 1. The intestinal permeability of untreated rats (fig 1, open circles) before and during the ischaemic stage was normally low and did not diVer from that of nitroxide treated rats. The intestinal injury, as reflected by mucosal permeability, appeared only in the reperfusion period. The rate of PAH plasma to lumen clearance then increased significantly compared with its value during the pre-ischaemia and ischaemia periods. The increase in rate was rapid, achieving a five-to sixfold higher level within several minutes. The clearance rate in all experimental groups showed a similar pattern over the post-ischaemic re-flow periods. The increase in PAH plasma to lumen clearance during the reperfusion period was significantly attenuated in rats pretreated with either TPL or TPL-H in comparison to the control group (p<0.05). As seen in fig 1, the protective eVect of TPL (fig 1, squares) was greater than that observed when the rats were pretreated with TPL-H (fig 1, triangles) . Pretreatment with TPL significantly decreased the rate of PAH clearance also when the drug was given immediately before reperfusion (fig 1, closed circles ).
Results

TPL/TPL-H EXCHANGE
The fate of nitroxides in isolated cells, organs, and whole animals is important for those who seek to employ nitroxides as contrast agents in MRI or use them as biophysical markers. It was therefore extensively investigated by Swartz et al as well as by other groups. 32 33 Their results demonstrated conclusively that the decay of the EPR signal was attributable almost exclusively to a reduction to the respective hydroxylamine, and that the signal could be restored using a 1-electron oxidant such as ferricyanide. The paramagnetic nature of TPL allows convenient monitoring of its distribution and persistence in the rat. During ischaemia and reperfusion stages, samples of blood and perfusate were taken from rats treated with TPL and the level of the residual nitroxide was determined using EPR spectrometry as detailed in the Methods section. K 3 Fe(CN) 6 1 mM was then added to oxidise TPL-H and the intensity of the EPR signal of TPL was measured again. As seen in fig 2A, more than 50% of the nitroxide in the blood was reduced to hydroxylamine. In the perfusate the hydroxylamine consisted of more than 90%. Similar distributions were observed for rats treated with TPL-H rather than with TPL ( fig 2B) .
Discussion
Intestinal ischaemia is a clinical phenomenon aVecting humans of all ages, especially the old 6 1 mM was then added to oxidise TPL-H to TPL and the EPR signal was measured again. and the very young. 3 The clinical situations in which intestinal ischaemia is involved are numerous and include acute mesenteric ischaemia, intestinal obstruction, incarcerated hernia, mid-gut volvulus and necrotising enterocolitis. 21 22 Intestinal ischaemia not only aVects the bowel but has severe remote eVects on other organs such as the lungs, 23 heart, 24 and liver. 25 There is a large body of evidence showing that one of the earliest changes in intestinal mucosa in response to I/R injury is increased mucosal permeability 6 and that this strongly correlates to histological assessment of mucosal injury. 26 The increased mucosal permeability can be quantitated to serve as an accurate measure for assessing diVerent treatment modalities aimed at the reduction of I/R injury. A commonly used method for quantitating mucosal permeability is by measuring the rate of mucosal to lumen clearance. 11 27 This indicator of mucosal permeability provides a quantitative, objective, reproducible, and convenient measurement of mucosal integrity. Clearance measurements can also be performed continuously throughout the experiment, thus providing a moment-to-moment monitoring of mucosal permeability.
Figure 2 Distribution of TPL and TPL-H in (A) blood and (B) perfusate during ischaemia and reperfusion. Aliquots of blood and perfusate were sampled during ischaemia and reperfusion of rats treated intravenously with either TPL or TPL-H and scanned for the EPR signal as detailed in the Methods section. K 3 Fe(CN)
THE THERAPEUTIC WINDOW
Nitroxides are known to protect only when present during the injurious processes but no evidence was found indicating any repair activity. The partition of nitroxides inside the cells is practically instantaneous and fig 1 shows indeed that TPL also diminished the I/R injury when given immediatley before reperfusion. This indicates that nitroxides predominantly aVect the reperfusion component of the damage. It also further substantiates the conclusion that the injurious process starts with reperfusion. While the TPL/TPL-H couple does not lose its eYcacy when given before the ischaemic stage (fig 1) , a pretreatment stage is not essential for the antioxidative activity of nitroxide which demonstrates the practical aspect of this potential drug.
THE ROLE OF NITROXIDE
The antioxidative activity of nitroxide has been previously demonstrated against various insults in diverse experimental model systems. The present results demonstrate, for the first time, the potential use of nitroxides against I/R injury. The protective eVect of TPL/TPL-H against I/R injury was evident by the decrease in the intestinal permeability. Since TPL reacts predominantly with paramagnetic species, its effect further substantiates the involvement of ROS in mediating the I/R intestinal injury. Nitroxides can operate through several mechanisms including catalytic dismutation of O 2 z-28 29
:
Because nitroxides eVectively remove both extracellular and intracellular superoxide, they are anticipated also to aVect the concentration of NO. Since superoxide radicals readily react with NO to form peroxynitrite, the catalytic removal of superoxide indirectly elevates the steady state. It was also previously suggested that nitroxides pre-empt the Fenton reaction by oxidising redox active transition metals associated with free radical induced damage. 30 More recently, nitroxides were shown to catalytically facilitate catalase-like activity of heme proteins and to detoxify their ferryl species. 31 However, while the present results establish the protective activity of nitroxides against I/R injury, they do not allow a clear distinction among the various potential mechanisms underlying the protection.
Inside the body both the nitroxide and the hydroxylamine coexist. As seen in fig 2, the distribution between TPL and TPL-H was independent of whether TPL or TPL-H was administered to the rats. The metabolism of nitroxides in biological systems has previously been studied extensively. 32 Nitroxides in tissues are primarily, though not exclusively, 33 reduced through enzyme associated mechanisms. This bioreduction, which predominantly occurs intracellularly in the mitochondria yielding almost exclusively the respective hydroxylamines, is rapid. 32 The oxidation of hydroxylamine to nitroxide can also occur at high rates, 34 35 and with some nitroxides can be comparable to the rate of nitroxide reduction. This can explain the rapid formation of nitroxide upon administration of the hydroxylamine. Non-enzymatic processess also contribute to TPL-H oxidation and recently it was suggested that the hydroxylamine and oxo-ammonium cation might comproportionate, yielding two nitroxide molecules. 36 Since both TPL and its reduced form TPL-H might confer protection, 37 the rapid metabolic exchange limits the distinction between the protective activities of the two forms. Nevertheless, treating the rats with TPL had a greater eVect than treating them with TPL-H. Since the nitroxide, unlike its reduced form, can oxidise reduced metals, the results suggest that this mode of action primarily contributes towards the protective eVect. However, this observation does not exclude the possibility that the hydroxylamine per se might possess protective activity. Moreover, through the continuous exchange between the two forms they can act as self-replenishing antioxidants that thus possess catalytic protective activity. This feature indicates the potential of this unique class of antioxidants against oxidative stress in general, and I/R injury in particular. 
